First discovered in jellyfish, fluorescent proteins (FPs) have been successfully optimized for use as effective biomarkers within living plant cells. When exposed to light, FPs fused to a protein or regulatory element will fluoresce, and non-invasively mark expression and protein localization, which allows for the in vivo monitoring of diverse cellular processes. In this review, we discuss how FP technology has evolved from small-scale analysis of individual genes to more high-throughput techniques for global expression and functional profiling in plants.
INTRODUCTION
Recent advances in sequencing technology have generated hundreds of publicly available genome sequences from nearly all groups of organisms. This massive dataset has revolutionized the types of biological questions that can now be addressed. A continued challenge is to ascribe function to the high percentages of predicted proteins and proteins of unknown function. Despite the ability to predict the function of some proteins by comparative bioinformatics, experimental validation remains necessary to assign function definitively. One of the most effective approaches to validate gene function is to develop visualization and biochemical tools associated with fluorescent protein (FP) technology.
The molecular cloning of green fluorescent protein (GFP) was one of the most important breakthroughs in biology, because it permitted unprecedented viewing of proteins in vivo [1] . Since its extraction from the Pacific Ocean jellyfish Aequorea victoria [2] , the use of GFP and its subsequent fluorescent derivatives has evolved into a powerful technology used to study various sub-cellular processes.
Upon excitation with UV or blue light, the original jellyfish-derived GFP is excited to emit green light as fluorescence [3] . The full potential of GFP was recognized in 1994 when it was demonstrated that GFP driven by a neuron specific promoter in C. elegans marked the site of gene expression [4] . Later studies showed that GFP fluoresces when fused to a native or foreign protein, making the attached, normally invisible protein of interest, easy to track [5] . Thus, protein localization could be monitored as well as subcellular compartments highlighted. Because of its relatively small size, (27 kDa) , GFP usually does not interfere with natural protein targeting or function, as long as the FP is optimally positioned in the folded protein. GFP is generally non-toxic to living cells, and can also be visualized following mild fixation treatments [4] .
GFP has been successfully expressed in almost every transformable organism being studied. Initially, the expression of GFP in plant cells was hampered by the presence of a cryptic intron, until genetic modifications to the original sequence corrected this problem [6] . Now, with the isolation of an orange-red fluorescing protein from the coral Discosoma sp. (DsRED) [7] , mutagenesis of GFP and DsRed has lead to the generation of an entire rainbow of FP tags that are available for use [8, 9] . In plants, FP technology has also been advanced significantly by the advent of recombination cloning systems, such as GATEWAY TM (Invitrogen, Carlsbad, CA, USA), which has simplified modular cloning of GFP fusions into plant binary vectors [10] . In this review, we highlight some of the more recent ways in which FP technology has been used to understand how plant cells develop and function, specifically focusing on those methods adapted for genome/proteome-scale analysis.
ENHANCER-TRAPS
One of the first global applications of FP technology in plants was the generation of GAL4-GFP enhancer trap lines in Arabidopsis thaliana. Based on a similar tec employed in Drosophila [11] , a T-DNA cassette carrying a plant-modified form of the yeast transcription factor GAL4 fused to the VP16 activation domain (GAL4-VP16), and a GAL4-responsive GFP gene, controlled by 'UAS' sequences, was randomly inserted into the Arabidopsis genome via Agrobacterium-mediated transformation. Flanked only by a minimal promoter, GAL4-VP16 expression is dependent on the presence of adjacent genomic enhancer or promoter sequences. Plant lines were thus generated that had different patterns of GAL4 expression marked by green fluorescence [12] . The form of GFP used in these studies was targeted to the lumen of the endoplasmic reticulum (ER) by the addition of ER localization and retention signals [13] . Previous plant enhancer trap lines used GUS (b-glucuronidase) as a reporter, which requires staining to visualize GUS activity and cannot be visualized in vivo [14] . GAL4-GFP enhancer trap lines can be simply screened 'live' for expression, using a fluorescence dissecting or confocal microscope. Several labs have identified lines with tissue or cell specific patterns of GFP expression, and collections are publicly available from the Arabidopsis stock centers.
Traditionally, GFP enhancer trap lines have been used to track patterns of cell behavior during organ development and to map tissue-specific enhancer elements [12, [15] [16] [17] [18] . However, the twocomponent GAL4-UAS activation system can also be adapted by crossing a particular transgenic line expressing the GAL4-GFP enhancer trap cassette to a plant transformed with a gene of interest fused to the GAL4-responsive UAS promoter. This provides a tool to specifically express any gene of interest in a tissue or cell specific manner [19] [20] [21] [22] [23] . The same system can also be used to probe developmental signaling using a technique for targeted cell ablation that makes use of a Diphtheria toxin gene expressed from the UAS sequences [17] . Another advance was the addition of an ethanol-inducible ALCR/alcA switch, which provides temporal control to the GAL4-GFP system [24] . The GAL4-GFP enhancer trap system has also been successfully adapted for use in rice, a major cereal food crop. In one study, 13 000 rice enhancer trap lines were generated, and are currently being used for functional analysis of the rice genome [25] .
FLUORESCENCE-ACTIVATED CELL SORTING TECHNOLOGY
In an elegant application, Birnbaum et al. [16, 26] used the GAL4-GFP enhancer trap system to create a gene expression map of the Arabidopsis root, by optimizing a method for separation of individual cell types based on GFP fluorescence. Known as fluorescence-activated cell sorting (FACS) technology, fluorescing cells are isolated from neighboring non-fluorescent cells in the same organ or tissue by enzymatic digestion of the cell walls. Recovered protoplasts (plant cells without cell walls) are passed through a FACS, which uses lasers to rapidly separate cells on the basis of their fluorescence [27] . RNA extracted from these cells can then be hybridized to microarray chips for quantification of gene expression [16, 26, 28, 29] . By isolating fluorescing cells from reporter lines expressing GFP in different tissue specific patterns, the gene expression profile of 15 individual root zones, corresponding to various cell types and tissues at different developmental stages, was deduced [16] . Since then, a higher-resolution map of root gene expression with respect to time has also been assembled [28] . FACS technology is so precise and efficient that a unique transcription profile of the Arabidopsis quiescent center, a niche of only approximately four root stem cells in each root tip, was successfully determined [29] . Studies have also been conducted to determine how the root expression profiles change in response to hormone gradients and various environmental stimuli [30, 31] . Referred to as 'digital in situs', most of the root expression data obtained by FACS can be accessed at the Arabidopsis Gene Expression Database (http://www.arexdb.org).
FACS technology has both advantages and disadvantages. One disadvantage is that the process of generating protoplasts does have a small effect on gene expression [16] . Also, some plant tissues may be recalcitrant to enzymatic digestion, due to differences in cell wall structure [32] . A major advantage, however, is its versatility. For example, FACS methods can be modified to isolate fluorescently tagged sub-cellular organelles, such as nuclei, which can be rapidly isolated from tissues by gentle homogenization [33, 34] . In one successful experiment of this type, polyadenylated RNA was extracted from nuclei tagged with a nuclear targeted GFP in phloem companion cells. Microarray analysis revealed 12 genes that are specifically expressed in phloem, validating the use of tissue-specific, nuclear sorting as a feasible method for global identification of gene expression [35] .
FP INDICATORS AND SYNTHETIC REPORTERS
Modified FP indicators and synthetic reporters provide an easy way to visualize hormone signaling outputs [36, 37] , chemical gradients [38] , enzymatic activity [39] and changes in cellular compartment parameters, such as pH [40] . For example, hybrid FP / calmodulin indicators known as 'chameleons' were adapted for use in plants to measure free Ca 2þ levels in guard cells [38] . Ca 2þ binding to the calmodulin motif fused to YFP and CFP causes a conformational change resulting in altered FP fluorescence [41] . In addition, GFP itself has been genetically modified to display pH-dependent absorbance and fluorescence to detect pH changes within subcellular compartments [42] . The original forms of GFP fluoresce over a relatively narrow pH range, and variants with improved range have been used in plants to mark a broader array of cellular compartments, such as the periodically acidic extracellular matrix [43, 44] .
FP reporters are constructed by fusing FP coding sequences to known developmental, environmental or chemically responsive promoter elements. For example, hormone signaling during meristem and organ development has been visualized using FPs driven by either auxin-responsive promoter elements ('DR5') [36, 45, 46] or cytokinin-responsive B-type response regulator binding motifs [37] . The use of GFP as a reporter has also helped uncover the mechanisms underlying gene silencing in plants. In the case of viral induced gene silencing, infection of tobacco leaves expressing GFP with Agrobacterium also expressing GFP, leads to a loss of fluorescence over time as the GFP becomes systemically silenced from the site of infection [47] . This system can be used to identify other proteins or factors that regulate silencing [48, 49] and also tracks how silencing signal(s) are transmitted between plant cells [50, 51] . In addition to being used as a global reporter of silencing, GFP has also been used for targeted studies as well. For example, a GFP targeted artificial microRNA expressed specifically in the vegetative nucleus of pollen, silences GFP expressed in the pollen sperm cells, demonstrating that small RNAs can move and/or communicate to gametes within the pollen grain [52] .
PROTEIN TAGGING
Assignment of function to predicted proteins remains an ongoing challenge in systems biology. As of 2006, 30% of Arabidopsis genes had no computationally predicted molecular function [53] . For newly sequenced plant genomes, such as maize, this number is even higher [54] . FP technology has become an invaluable tool in deducing protein function, by allowing tagged proteins to be localized to specific cellular compartments, an important step in assigning function.
In the past, FPs were generally attached to the N-or C-terminus of a protein depending on what structural or functional data existed to direct optimal tag placement. For example, N-terminal tags interfere with mitochondrial or plastid localization signals, while C-terminal tags can interfere with membrane tethering signals. For some proteins, such as the alpha subunit of heterotrimeric G-proteins [55] , or the PINFORMED1 auxin efflux carrier, the tag must be inserted internally due to highly conserved functional domains at both termini or because N-or C-terminal tagging does not produce a functional protein [56] . Ideally, fusions of FP coding sequences to genes of interest should produce chimeric proteins that retain normal localization and function. For example, consistent with previous protein localization data [57] , the KNOTTED1 (KN1) homeobox protein fused to GFP is still capable of moving cell to cell, through plasmodesmata (PD), and can complement mutants in the Arabidopsis homolog SHOOTMERISTEMLESS [19] .
FP tagged proteins with known sub-cellular destinations can also be used to non-invasively mark the cytoskeleton or organelles, such as peroxisomes, for structural analysis and to observe the dynamic changes that occur during development. Transgenic lines of Arabidopsis that mark almost all known subcellular compartments have been generated by expression of FPs tagged with specific signaling peptides, binding motifs, or full-length proteins [58] [59] [60] [61] [62] [63] [64] . In a more high-throughput approach, Cutler et al.
[65] constructed a library of Arabidopsis cDNAs, randomly fused to the 3 0 end of GFP coding sequences and driven by the CaMV 35S promoter. The library was transformed into Arabidopsis en masse, and progeny screened for transgenic plants displaying different sub-cellular localization patterns [65] . In a complementary study, selected open reading frame (ORF) cDNA clones were GFP-tagged at their 3 0 end and transformed cell cultures screened for localization pattern [66] . Using a more high-throughput approach to highlight novel subcellular compartments, Escobar et al. [67] were able to identify several candidate proteins associated with PD by transiently expressing cDNAs fused to the 5 0 or 3 0 end of the GFP gene in Nicotiana benthamiana using a Tobacco mosaic virus based vector. In this study, each viral infection site on an inoculated leaf expressed a different cDNA-GFP fusion, allowing for the rapid screening of several hundred cDNA-GFP fusions in a single day [67] .
However, as more and more genes were tagged, examples arose where FP placement at either the N-or C-terminus interfered with proper protein localization [44] . In addition, over-expression by using the CaMV 35S promoter sometimes leads to mis-localization or aggregation of fusion proteins, or transgene silencing [68, 69] . To address these problems, Tian et al. [44] developed a cloning methodology, termed Fuorescent tagging of full-length proteins (FTFLP), in which the FP was inserted in genomic sequence that included endogenous regulatory regions to promote native expression. Regulatory regions can be found both 5 0 and 3 0 of coding regions, as well as in introns. Therefore, tagging genes to include up to 2-3 kb of sequence up and downstream of the coding region, as well as the introns, improves expression fidelity. The FP was also placed near the C-terminus, which is a site less likely to interfere with native intracellular localization. Structural predictions were used to check that the tag insertion did not disrupt predicted functional domains. The FTFLP cloning technique has been used to generate stable, natively expressed, FP fusion lines in Arabidopsis http://gfp.stanford.edu/ index.html [44, 53] .
Availability of FP lines has been an important step in protein functional studies of plants. Some plants, such as the important model grass, maize, have been recalcitrant to the application of FP tagging methods until recently, when two major advances have permitted the use of FTFLP. First, the completion of the maize B73 genome sequence has provided genomic sequences needed for tagging [70] . Another advance has been an increase in the efficiency of low copy transformation methods using Agrobacterium-mediated transformation of maize embryos. We have applied and modified FTFLP methods to maize with the goal of defining cellular compartments and providing tools for basic research. To date, we have generated over 60 FP transgenic maize lines, which highlight major subcellular compartments in diverse maize cells and tissue types [71] . These lines are being analyzed using a variety of microscopy imaging techniques in maize for the first time. Figure 1 displays several imaging methods that show selected compartment markers in maize. Information about these lines, including micrographs, movies and seed availability, is described in a user-friendly, public website that also includes a community submission form to nominate genes for tagging and an interactive virtual cell display (http://maize.jcvi.org/cellgenomics/index.shtml). loss in photobleaching (FLIP) can be used to quantify the rate of individual protein turnover or movement within live cells. For this method, the fluorescence of small areas of FP highlighted compartments is ablated using a laser, and fluorescence recovery within that region, or loss from a different region, is measured over time. FRAP can be used to study the dynamics of organelles, the cytoskeleton or for tracking the movement of proteins between compartments such as the ER and Golgi [72, 73] . FLIP experiments have shown that proteins move from one plastid to another via long tubular extensions referred to as stromules ( Figure 1A , inset) [74] . Co-expression of multiple proteins tagged with non-overlapping, spectral FP variants like monomeric red fluorescent protein (RFP) [8] and GFP, is commonly used to determine the localization of an unknown protein as well as to analyze protein-protein interactions. For example, the red and far-red absorbing photoreceptor phytochrome B (PHYB) fused to yellow fluorescent protein (YFP), localizes to the cytoplasm in the dark. When exposed to red light, PHYB-YFP moves into the nucleus, where it co-localizes into distinct speckles with a cyan fluorescent protein (CFP) labeled transcription factor PIF3, presumably marking the sites of light activated gene transcription [75] .
STUDYING PROTEIN DYNAMICS
The physical interaction of two proteins can also be detected in vivo using fluorescence resonance energy transfer (FRET). With this technique, two putative interacting proteins are labeled with different FP tags, such as CFP and YFP, between which the excitation and emission spectra are sufficiently different to permit energy transfer. If the two proteins come within 100 Å of each other, excitation of the 'donor' CFP leads to transfer of energy to the 'acceptor' YFP, triggering fluorescence [76] . A related technique, Biomolecular fluorescence complementation (BiFC), relies on splitting YFP, between which into two non-fluorescent halves, and fusing them to different proteins of interest. If those proteins physically interact, the YFP molecule can be functionally reconstituted, and fluoresces upon excitation [77] . This method has an advantage over FRET, because the fusion tags are smaller, and the fluorescence signal is much more stable over time [76] . However, both techniques suffer from the disadvantage of requiring over-expression of the fusion proteins for the fluorescence signal to be strong enough for detection. In some instances, over-expression can lead to disruption of normal cellular function or localization, as well as false activation of the tag due to non-specific interactions [78] .
IMMUNOPRECIPITATION
FP technology, in conjunction with mass spectrometry (MS), is a powerful way to identify proteins within a complex. Commercially available antibodies to the FPs can be used to immunoprecipitate proteins associated with an FP-tagged protein en masse. The FP primary antibody, coupled to agarose or magnetic beads, is used to extract the FP fusion protein from transgenic plant tissue extracts. Proteins that co-purify with the FP-tagged protein are trypsin-digested and then analyzed by mass spectrometry [79] . The digested peptide products are introduced into the mass analyzer, which determines amino acid sequence based on peptide mass. A composition profile is generated with proteins ranked by peptide size and abundance in the sample. Methods such as yeast two-hybrid or BiFC can then be used to identify the proteins that bind directly to the FP-tagged protein.
FP tags can also be used for chromatin immunoprecipitation (ChIP) to identify putative DNA binding sites and/or targets for transcription factors, and to characterize chromatin remodeling in vivo. Tissue from transgenic plants expressing an FP-tagged protein of choice is fixed, and the cross-linked FP-tagged protein-DNA complexes affinity purified. Cross-links are then reversed and purified DNA is amplified and characterized by PCR [80, 81] . Alternatively, the amplified DNA can be sequenced, or hybridized to genome-wide, oligonucleotide microarrays, to detect all putative DNA binding sites (Chip-Seq or ChIP-chip) [82] . To date, FP-based ChIP analysis has been used to identify the DNA binding sites of several plant transcription factors including the MADS box protein APETALA1, as well as the epigenetic changes that occur in response to developmental cues such as vernalization [83, 84] .
MUTANT SCREENS
FP-based mutant screens have successfully identified genes involved in organelle biogenesis and intercellular trafficking in plants [85, 86] . For example, transgenic Arabidopsis plants expressing GFP from the phloem-specific SUCROSE-H þ SYMPORTER 2 promoter were EMS mutagenized, and screened for seedlings that displayed restricted intercellular movement of GFP. The screen uncovered a mutation in a thioredoxin gene, and demonstrated a link between redox regulation of callose deposition and plasmodesmal permeability [86] . Large-scale mutant screens are facilitated by confocal microscopes such as the Meridian Insight Confocal (Meridian, Okemos, MI), which has automated ocular viewing capabilities. In one application, Arabidopsis seedlings grown horizontally in multiwell plates were imaged automatically by this system, and the images then scanned for mis-localized FP tagged proteins or abnormal organelles [85] .
In yeast, FP-based synthetic genetic arrays are being used to identify new regulators controlling gene expression patterns on a global scale. In this type of screen, a promoter-GFP reporter to be tested, along with a control promoter-RFP reporter, are transformed into an array of 4500 viable yeast deletion mutants, which cover most of the genome. FP fluorescence is measured for each transgenic colony arrayed on agar plates using a scanning fluorimager, and mutants that alter GFP expression are rapidly identified. From this data, gene networks for various cellular pathways can then be constructed [87] .
LIMITATIONS OF FPs
Although FP technology has advantages over other tagging approaches, it also has some disadvantages. Particularly in plants, autofluorescence of cellular components such as plastids and cell walls may overlap with FP spectral signals. Autofluorescence can also increase over time as live cells become damaged by the high energy of exciting lasers used in scanning confocal microscopy [88] . Temporary and prolonged fluorescence quenching of the FP may also occur due to laser excitation. These problems can be circumvented by using 'spinning disc' or 2-photon systems, or by judicious methods of imaging in which long scans are minimized until needed for image recording. In addition, most modern confocal systems are able to subtract background autofluorescence from 'real' FP signals based on the unique spectral profile of a non-FP expressing reference image.
Some FP tagged proteins are expressed at levels below the detection capabilities of microscope cameras. This may be more problematic when visualizing proteins expressed from their native promoters.
One solution is to fuse multiple FPs in tandem to the target protein [89] . Tandem FP tags may increase the bulk of the fusion protein, however, which could interfere with localization, trafficking or function. Overexpression using a strong promoter, such as CaMV 35S, is another traditional option to visualize low expressed proteins, but developmental defects or co-suppression may occur under these circumstances. For example, actin depolymerization is reduced by overexpression of an FP tagged protein actin-binding domain of mouse Talin in Arabidopsis root hairs, resulting in either the termination of growth, cell death, and/or changes in cell shape [72] . In leaves, over-expression of the same fusion protein interferes with blue-light-induced chloroplast movements [90] . Overexpression of a FP transgene from a strong promoter can sometimes lead to silencing of the transgene as well as the endogenous gene [68] . Silencing in plants is more likely when multiple copies of the transgene are present, and might be overcome by out-crossing transgenic to non-transgenic plants. Another method is to cross transgenic reporters to mutants that suppress transgene silencing, or to directly transform these mutants [91] .
CONCLUSIONS
The use of GFP and its spectral derivatives has revolutionized plant research in recent years. Being able to visualize proteins in vivo provides new views of cellular structure and offers experimental approaches that will continue to develop as genomics progresses. High-throughput FP-based methods to identify gene function and regulatory networks are now possible as increasing numbers of plant genomes are fully sequenced. Small-scale techniques, such as FRAP and FRET, are complemented by larger-scale approaches such as FACS and ChIP-chip. New advances will continue to expand the potential of FP technology. For example, we are exploring the use of FP tagged ribosomal protein L18 (RPL18) to immunopurify polysomal complexes. In Arabidopsis, immunopurification of ubiquitously expressed epitope-tagged polysomes demonstrated the feasibility of this approach to identify mRNAs present in translational complexes, and could be adapted for tissue-specific analysis [92] . Most current disadvantages encountered by FP-tagging are being circumvented by rapid development of imaging technology and continued modification of the marker proteins themselves. As biomarkers, FPs continue to be the most powerful and straightforward way to visualize proteins in vivo, and they provide a convenient tool for functional studies.
Key Points
Despite the ability to predict the function of some proteins by comparative bioinformatics, experimental validation remains necessary to ascribe function definitively. As biomarkers, FPs are the most powerful and straightforward way to visualize proteins and they provide a basis for experimental approaches for protein functional studies. FPs that are fused to a protein or regulatory element of interest mark expression and protein localization non-invasively. Today, FP-based transgenic plant lines highlighting almost all major sub-cellular compartments are available in Arabidopsis, maize and rice, and are publicly available. Information about these lines, including confocal micrographs and movies can be accessed via the web. High-throughput FP-based approaches like FACS and ChIP are being used to identify gene function and regulatory networks.
